Interfaces are ubiquitous in materials science, and in devices in particular. As device dimensions are constantly shrinking, understanding the physical properties emerging at interfaces is crucial to exploit them for applications, here for spintronics. Using first-principles techniques and Monte Carlo simulations, we investigate the mutual magnetic interaction at the interface between graphene and an antiferromagnetic semiconductor BaMnO 3 . We find that graphene deeply affects the magnetic state of the substrate, down to several layers below the interface, by inducing an overall magnetic softening, and switching the in-plane magnetic ordering from antiferromagnetic to ferromagnetic. The graphene-BaMnO 3 system presents a Rashba gap 300 times larger than in pristine graphene, leading to a flavor of quantum anomalous Hall effect (QAHE), a hybrid QAHE, characterized by the coexistence of metallic and topological insulating states. These findings could be exploited to fabricate devices that use graphene to control the magnetic configuration of a substrate.
I. INTRODUCTION
The interface between materials can be considered as the ultimate spintronics device, not only in terms of miniaturization but also to unlock unique design possibilities and new physical properties which are unattainable in the individual bulk materials [1, 2] . Emergent interfacial properties induced by spin-orbit coupling (SOC) include Rashba-Edelstein spinto-charge conversion and spin-momentum locking at the surface of topological insulators. Interfaces present a natural breaking of spatial inversion symmetry, resulting in a Rashba SO splitting of the electronic bands which is, in general, higher than in bulk. In particular, SO effects at oxide interfaces are crucial for low-power spintronics applications thanks to the expected long carrier lifetime and high Rashba coefficient [3] . Carbon-based nanomaterials are prime candidates for spin-based devices, thanks to their long spin coherence length (up to 10 4 ps) and high Fermi velocity [4] . However, a pristine hexagonal network of carbon is not magnetic, controlled injection of spin polarization in graphene or carbon nanotubes is far from trivial [5] , and SOC in C is too small for practical applications [6] . Possible approaches are to cut the graphene in nanoribbons, introduce defects [7] , dope with atoms [8] or nanoclusters [9] possessing higher spin-orbit coupling. Magnetism can be induced in graphene by proximity interaction with a magnetic insulating substrate, as predicted by first-principles calculations [10, 11] and recently proven experimentally [12, 13] , or at graphene/topological insulator interfaces [14] . Spin-valley locking is found in heterostruc-* zeilazanolli@gmail.com tures of graphene with transition-metal dichalcogenides [12, 15, 16] .
In this work, we invert the approach, and propose to use graphene to control the magnetic properties of an insulating substrate, using as a prototype antiferromagnetic (AFM) BaMnO 3 . Several transition-metal (Mn, Sc, Ti, V, Fe) adatoms on graphene have been shown to induce the opening of a nontrivial gap and lead to the quantum anomalous Hall (QAH) effect [17] . Among the many possible transition-metal-based materials, BaMnO 3 stands out as being insulating, magnetic, and close to lattice matched to a 4 × 4 graphene supercell. Through first-principles simulations including SOC we show that graphene changes strongly the substrate magnetization. The breaking of mirror symmetry in the hybrid system results in a Rashba spin-orbit gap more than 300 times that of pristine graphene (24 μeV) [18] , a topologically nontrivial band structure, and QAH conductivity. Graphene induces an overall magnetic softening, and even switches the magnetic ordering in the surface Mn layers. It is remarkable that the influence of graphene extends several unit cells into the magnetic substrate, an effect which has not been seen before [19] . Such structures, arising from an organic-magnetic semiconducting system, could find applications as a magnetic storage unit (memory) or spin filter. We demonstrate the coexistence of metallic and QAH states, contributing to a hybrid QAH effect and opening new perspectives for robust spin-orbit torques at higher temperatures.
II. SPIN SPIRALS IN BaMnO 3
Bulk BaMnO 3 is a magnetoelectric multiferroic with a ferroelectric ground state, as shown by collinear-spin first-principles calculations [10] and neutron powder diffraction experiments [20] . The bulk primitive cell consists of two [20] . SIESTA calculations find that the in-plane magnetization is more stable by 0.05 meV per Mn atom, and that the magnetic moment on Mn atoms is 2.41 μ B . Although the experimental lattice constant of BaMnO 3 and graphene match, the relaxed DFT values present a difference of ∼2%. In order to ensure that the induced spin polarization in graphene is exclusively due to the proximity to the magnetic insulating substrate, we chose to keep graphene relaxed and strain BaMnO 3 instead. Straining the BaMnO 3 in-plane lattice constant by 2% slightly favors the in-plane easy direction, now by 0.16 meV per Mn atom. Strain does not modify strongly the magnetic moment (M = 2.43 μ B ), and the ground-state magnetic ordering (AFM between layers, and triangular in plane) is unchanged (see Table II ). Both computational approaches predict a cycloidal in-plane spin spiral order for bulk BaMnO 3 . In ferroelectric materials with noncollinear magnetism, SOC can give rise to a Dzyaloshinskii-Moriya interaction (DMI) if the spin canting follows the Moriya rules [23] . The 120
• spin spiral in BaMnO 3 rotates in plane, with a wave vector of (1100), and DMI will favor one particular sense of rotation. A large DMI can also lead to a change of the easy plane of rotation. To evaluate the strength of the DMI, we calculate clockwise and anticlockwise rotating spin spirals along the (1100) direction, finding an energy difference of just 1 μeV between the two spirals. A 2% in-plane strain of BaMnO 3 enhances the macroscopic polarization [10] P from 0.267 μC/cm 2 to 19.04 μC/cm 2 . This increases the strength of the DMI by a factor of 4 but is not so large as to influence the magnetic ground state.
III. MAGNETIC ORDERING AT THE INTERFACE
The magnetic properties of large BaMnO 3 slabs with and without graphene [Figs. 1(c)-1(h)] are computed with SIESTA for noncollinear spins including SOC (see the Appendix for computational details). The slabs are chosen to be symmetric (hence paraelectric) and consist of 7 Mn and 6 BaO 3 layers. The in-plane lattice constant of BaMnO 3 is strained to that of graphene, and all the atomic positions are relaxed. The magnetic moment induced on C atoms computed including SOC is the same as in the collinear-spin case [10] at some depth return to the bulk in-plane triangular lattice with AFM coupling. The spin-flop depth is governed by the balance between very strong interplane AFM coupling and the preference of the surface layers for FM in-plane coupling. Energy differences, magnetic moments, and orbital moments are reported in the Appendix (Tables V-IX). We will see below that this is consistent with the low-temperature Monte Carlo results, where the presence of graphene increases the out-of-plane component of the spin vectors at the interface. In this way, graphene can be used to control and tune the magnetism at the interface with a substrate.
IV. SPIN DYNAMICS AT FINITE TEMPERATURE
In order to model the Mn spin dynamics, we combine collinear first-principles and Monte Carlo techniques. In the Appendix we detail the model and comment on the choice of spin configurations for the fitting procedure, as well as the exchange correlation effects [24] [25] [26] .
In bulk BaMnO 3 , we find that the AFM coupling between planes is the dominant effect (Table III) . The in-plane interaction is a frustrated AFM: the collinear spin model cannot reproduce the triangular alignment observed in SOC calculations and in experiment [20] , but the resulting Heisenberg Hamiltonian is consistent with both. Both with and without graphene, the dominant mechanism in the slabs is the antiferromagnetic (AFM) coupling between planes: all the J ⊥ are negative and at least one order of magnitude larger than the J , as in the bulk (Table I ). Contrary to the bulk, both slabs favor FM coupling at the surface (J 1 > 0). For the bare slab, this is due to the two dangling electrons per Mn surface atom, which favor Mn spins perpendicular to the interface, visible in the projected density of states (see Appendix). When graphene is present, the strong covalent interaction between C π and Mn d states "pins" the spin density perpendicular to the surface [10] . The in-plane coupling J is most affected by the presence of graphene: in general, the absolute value of J is reduced, indicating a magnetic softening of the substrate due to graphene. Most strikingly, the graphene also changes the inplane magnetic ordering of the penultimate layer from AFM (J 2 < 0 without graphene and in bulk) to FM (J 2 > 0 with graphene). The central layers of both slabs always present an AFM in-plane coupling (J 3 < 0), consistent with bulk BaMnO 3 , which shows that the slab is thick enough. The exchange coupling parameters were used to obtain the thermodynamics and dynamical magnetic response of the BMO and gBMO systems. We perform Monte Carlo calculations using the Heisenberg Hamiltonian:
where S are the spin vectors on the individual Mn atoms, α labels layers, and i, j run over the Mn atoms in each layer.
With this approach, we generate snapshots of the spin vectors from 5 to 400 K. At low temperature we find that the presence of graphene turns the orientation of the surface spins from mostly in-plane to mostly out of plane (Fig. 3 ). In passing, we find a bulk BaMnO 3 T N of ∼100 K, in qualitative agreement with 59 K from experiment [20] . The bare BaMnO 3 slab gives T N ∼ 220 K, which is further raised to T N ∼ 250 K for the hybrid system (Fig. 4) . The largest difference in T N is between bulk and slab, rather than the presence of graphene. These temperatures are very promising for device applications, and suggest a route to both tune surface magnetism with graphene and to make it robust in realistic operating conditions.
V. TOPOLOGICALLY NONTRIVIAL BANDS AND QUANTIZED ANOMALOUS HALL CONDUCTANCE
The electronic band structure of the graphene-BaMnO 3 interface computed including SOC reveals the opening of two spin-orbit gaps (∼2 meV) corresponding to a band crossing near the K point, and a gap of ∼8 meV at the K point, as shown in Fig. 5 . These gaps are more than 300 times larger than in pristine graphene, and are a consequence of the interface between graphene and the Mn-terminated BaMnO 3 slab. This SIESTA prediction is confirmed on a smaller model system with the all electron FLEUR code: the latter calculations confirm a Rashba splitting near the K point, of similar magnitude (∼3.0 and 10 meV resp.) to those found with SIESTA ( Fig. 6 ). This gap is even larger than that observed in graphene on BiFeO 3 that shows a similar band structure [27] .
The SOC lifts spin degeneracies, suggesting the possibility of a topologically nontrivial band structure. To verify this, we employ Wannier functions [28] and calculate the anomalous
E -E Hall conductivity σ xy (AHC), shown as a function of the chemical potential in Fig. 6 . A large AHC, close to 2e 2 /h, can be observed at the double SOC gap discussed above. Due to the slightly different dispersion along − K and K − M, and the small offset between the gaps, perfect quantization is not achieved. On the other hand, a 10-meV gap opens in the spin-down Dirac cone, due to the spin-diagonal part of the SOC operator. Here, a robust QAH effect with Chern number +1 develops, consistent with the scenario presented in Ref. [29] . To gain further insight, the wave-vector dependency of the Berry curvature is analyzed. The Berry curvature is localized in the vicinity of K and K , so that the presence of other states at the same energy does not destroy the perfect quantization of σ xy (Fig. 7) . The quantization of the AHC oc- curs relatively far from the Fermi level (−0.9 eV) because of the relative electrophilicity of graphene and BaMnO 3 (Fig. 8 ). This energy window could be attained in experiments by doping graphene [10] and/or by applying an external bias. The nontrivial topological properties result from the combination of symmetry breaking at the interface with the triangular arrangement of surface Mn atoms, analogously to what is predicted for Mn adatoms on graphene [17] . We expect these results to hold for other interfaces that satisfy these conditions; one could also move the topological features closer to the Fermi energy by choosing a substrate which is more electrophilic.
In contrast to previously reported quantized transverse conductivity in graphene on insulators [17, 30] , the QAHE we observe has a background of "trivial" metallic bands. We dub the Hall effect in graphene-BaMnO 3 thin-film hybrid QAHE. The hybrid QAHE in samples with disorder will show a finite anomalous Hall angle, with a robust quantized part added to the disorder-driven AHE of the metallic states visible within the QAHE gap at K. With increasing disorder, the contribution of the metallic bands to the AHE will decay more rapidly than the quantized part. This will result in an unusual scaling of the hybrid QAHE with temperature and disorder. We anticipate that the presence of geometrically trivial metallic bands at the Fermi energy in hybrid QAH materials may be used to enhance thermal stability or adjust the exchange interactions in the system. This would enable robust QAHE at higher temperatures, a key challenge in current QAHE insulators. With less stringent requirements on the electronic structure, the hybrid QAHE will characterize a much wider classes of 2D spin-orbit materials than those in which the QAHE could be anticipated.
VI. DISCUSSION
Graphene-BaMnO 3 offers an opportunity to combine pronounced nontrivial topological properties, commonly associated with insulators, with metallic magnets. Beyond the hybrid QAHE uncovered here, we will also combine different spin-orbit torques (SOTs) [31] . Recently, it has been demonstrated that topological gaps in 2D ferromagnets lead to colossal "antidamping" torques [32] . These should also appear due to the QAH gaps at K in graphene-BaMnO 3 , in addition to fieldlike SOTs mediated by metallic bands. This can provide the unique ability to influence the magnetization of a topologically trivial semiconducting slab, with a small intrinsic magnetoelectric response, by exerting large SOTs at the interface. This is an alternative to the mechanisms recently proposed for antiferromagnetic spintronics [33, 34] .
VII. CONCLUSIONS
In conclusion, we have shown that the interface between graphene and the magnetic insulator BaMnO 3 is characterized by a strong mutual magnetic interaction. This interaction induces spin polarization in graphene, but also dramatically affects the magnetic substrate, down to several layers below the surface. Hybridization with graphene induces an overall magnetic softening of the Mn spin interaction, changes the surface layers from AFM to FM, and affects the BaMnO 3 easy plane. The electronic band structure of the hybrid system presents a Rashba gap 300 times larger than pristine graphene. The split bands are topologically nontrivial and quantize the anomalous Hall conductivity. These results can be generalized to other C-based nanostructures (nanotubes, nanoribbons, organic molecules), other transition metals, and to more complex heterostructures involving, e.g., transitionmetal dichalcogenides. By exploring different material combinations, one could tune the interaction strength and control the magnetic and topological interface properties. In perspective, these systems enable the design of new functional devices, with optical or electrical control of the hybridization at the interface [1] combining additional degrees of freedom with spin transport. 
APPENDIX

Methods and computational details
Density functional theory. First-principles calculations have been performed with the SIESTA [21] implementation of density functional theory within the local spin density approximation (LSDA) using the Perdew and Zunger form [35] of the exchange-correlation functional based on Ceperley-Alder data [36] . Calculations were performed assuming both collinear and noncollinear (with spin-orbit coupling) spin alignment. Convergence studies for SIESTA led to a real-space grid cutoff of 1200 Ry, a shifted 6 × 6 × 12 k-point sampling of the Brillouin zone, and a Fermi-Dirac smearing of 100 K in a 30-atom cell for ground-state bulk BaMnO 3 . Each layer includes 3 Mn atoms. These values ensure an accuracy on total energy differences which is better than 0.5 meV for BaMnO 3 bulk (30 atoms), 1.55 meV and 2.6 meV for the slabs without (93 atoms) and with (157 atoms) graphene. The BaMnO 3 and graphene-BaMnO 3 symmetric slabs consist of 7 Mn layers and 6 BaO 3 layers. The vacuum between the periodic repetitions of the slabs was larger than 25 Å, and the sampling of the Brillouin zone accordingly reduced to 6 × 6 × 1. The graphene layer was fully relaxed (maximal force on atoms < 0.001 eV/Å, maximal stress < 0.01 GPa) and the lattice constant of BaMnO 3 was strained (∼2%) to match the 4 × 4 graphene supercell. The atomic positions of the BaMnO 3 slabs were then relaxed at fixed cell size.
Additionally, DFT calculations have been performed with the full-potential linearized augmented plane-wave method as implemented in the FLEUR code [22] . We performed both LSDA calculations using the calculated lattice parameters taken from Ref. [10] and, for collinear magnetic order also GGA calculations with the experimental lattice parameters from Ref. [20] . In both cases, the in-plane magnetic coupling was found to be small and antiferromagnetic. For the noncollinear magnetic calculations we used a plane-wave cutoff k max = 3. This results in an out-of-plane component of the Mn magnetic moment, which is enhanced after interaction with graphene (right panels). As a consequence, the FM in-plane alignment is favored at the surface of the slabs, in contrast with bulk BaMnO 3 which is characterized by an AFM in-plane alignment (see Tables I and III). interface, we use a model system for the graphene-covered surface consisting of the atoms at the interface, i.e., a 4 × 4 supercell of graphene and three Mn formula units underneath.
The nine oxygen atoms bonded below the BMO slab were substituted by fluorine to simulate a semi-infinite chemical termination of the slab. A plane-wave cutoff of k max = 4.3 a.u. was used, and a 5 × 5 k-point sampling.
Monte Carlo simulations. The Monte Carlo calculations were based on the Metropolis algorithm in a supercell extending 15 × 15 primitive vectors in the lateral directions and having a thickness that includes 7 Mn atomic layers. At each temperature, 100 000 sampling lattice sweeps were performed, while between subsequent sampling sweeps 5 lattice sweeps were allowed for decorrelation. The calculations were based on the Heisenberg model with nearest-neighbor in-plane and interplane interactions.
To compute the transition temperature in the slab configuration we used Monte Carlo calculations with a periodic supercell consisting of up to 40 × 40 Mn atoms in the lateral direction and 7 Mn layers. The nearest-neighbor Heisenberg model was treated by the Metropolis algorithm using 25 000 thermalizing lattice sweeps and 500 000 sampling lattice sweeps at each temperature, starting from 350 to 5 K with steps of 5 K. Subsequent sampling sweeps were interrupted by 5 lattice sweeps for decorrelation. Figure 4 shows the result for the magnetization and susceptibility, averaged per atom over the full supercell (7 layers), for the cases with and without graphene (gBMO and BMO, respectively). The average magnetic moments are defined as
The transition temperatures shown in Fig. 4 are dominated by the surface behavior since the weaker bulk exchange interaction parameters (Table III) result in a bulk transition temperature (∼100 K) much lower than the surface one, and since the film is only 7 layers thick. The MC results demonstrate a crossover and loss of shortrange order at 250 K for gBMO and 220 K for BMO. This should not be strictly interpreted as a phase transition as, for the Mermin-Wagner theorem, there can be no phase transition in the Heisenberg model in two dimensions if the interactions are finite ranged. For this reason, we speak of a transition temperature and not of a critical temperature for the slab case.
Tests with supercells of 20 × 20 and 40 × 40 primitive vectors in the lateral direction showed the same behavior, TABLE II. Spin configurations for the computation of the exchange parameters J and J ⊥ for bulk BaMnO 3 and the corresponding total energies (E Tot , in eV, with respect to spin state iv) obtained from first principles. The calculations were performed for bulk BaMnO 3 either relaxed in the P 6 3 cm phase or strained to the 4 × 4 graphene cell. except at T = 0, where spurious domains appeared in the spin structure because the supercell dimensions became incommensurate with the noncollinear wavelength of 3 in-plane primitive vectors.
Hall conductivity and Berry curvature. The anomalous Hall conductivity is defined as σ xy = (e 2 /h)C, where C is the first Chern number:
(k) is the Berry curvature of all occupied bands:
where m, n are band indices, ψ m/nk and ε m/nk are the Bloch wave functions and the corresponding eigenenergies of band m/n, respectively, and υ x/y are the Cartesian components of the velocity operator.
BaMO 3 and graphene-BaMnO 3 slab: Collinear spin
The presence of surface states (two localized bands below E F ) on the BaMnO 3 slab is revealed by collinear spin calculations of the collinear electronic band structure projected on C and Mn atoms (Fig. 9) , and corresponding density of states decomposed by layer (Fig. 10 surface states in top left panel) . Interfacing BaMnO 3 with graphene results in an hybridization between C and Mn surface states (Fig. 10, top right panel) .
Exchange parameters
We perform collinear spin calculations for a number of independent spin configurations of the Mn atoms. The BaMnO 3 bulk was computed with SIESTA and FLEUR, and slabs with and without graphene using SIESTA. We obtain in each case an overdetermined system of equations and solve it for the TABLE IV. Spin configurations for the computation of the exchange parameters for the BaMnO 3 and graphene-BaMnO 3 slabs and the corresponding total energy (E Tot ) in eV as obtained with SIESTA. Top and bottom energies refer to the BaMnO 3 and graphene-BaMnO 3 slab, respectively. The spin configurations are ordered from the lowest to the highest total energy for the BaMnO 3 case. Note that the energetic ordering of the various spin configurations changes after interaction with graphene. The fit of the Heisenberg model has been done using 10 configurations, excluding the two configurations at higher energy for each system. The latter are indicated in bold characters in the 1  2  3  1  2  3  1  2  3  1  2  3  1  2  3  1  2  3  1  2 exchange coupling parameters J using a singular value decomposition. These J are used in a Monte Carlo model to predict the spin dynamics at finite temperature. Bulk BaMnO 3 . The Heisenberg model for the bulk material is characterized by two exchange coupling parameters related to the magnetic interaction in plane (J ) and between adjacent planes (J ⊥ ). With both ab initio codes we find that the AFM coupling between planes is the dominant effect (J ⊥ is negative and several orders of magnitude larger than J ). The in-plane interaction is a frustrated AFM: the collinear spin model cannot reproduce the triangular alignment observed in SOC calculations and in experiment [20] , but the resulting Heisenberg Hamiltonian is consistent with both.
The exchange parameters J and J ⊥ (and a reference nonmagnetic energy) are obtained by solving a system of (at least) three equations for the total energy of different spin configurations (labeled ii, iii, and iv in Table II) for bulk BaMnO 3 . The total energies have been obtained from first-principles calculations using a collinear spin arrangement. The unit cell of BaMnO 3 was strained to the 4 × 4 cell of graphene, in order to allow for a comparison with the exchange parameter obtained for the slab calculations. The atomic positions were relaxed in the configuration iii, characterized by a FM alignment in plane and AFM alignment between planes. These coordinates were then used for the other spin configurations. Relaxing the coordinates further in each spin state would mix the Heisenberg exchange contribution to the energy with other potential energies reflecting the coupling of spins with atomic displacements, which is beyond the "pure" magnetic Hamiltonian we wish to fit. The Heisenberg Hamiltonian for BaMnO 3 bulk is
SIESTA and FLEUR provide similar results for J and J ⊥ . We obtain the same qualitative picture as the values reported in [37] , which are obtained with the CRYSTAL code and hybrid exchange correlation functional (Table III) , but with harder J by a factor roughly 5. There are two possible reasons for the discrepancy: the different choice for the exchange correlation functional, or the choice of the three spin configurations used to compute the J 's. Varignon [38] used the configurations iii, iv and a completely FM configuration (labeled i in Table II ), which has a very high total energy with respect to the ground state. As all of the vertical spin chains are maximally frustrated, we find that this may bias the solution of the system of equations in some cases (especially below for the slab systems). To test the latter effect (xc functional), we solve the system of equations again, using the configurations i, iii, and iv with total energies from SIESTA and fully relaxed BaMnO 3 . We find a change in J , which suggests it is sensitive to having enough configurations which are low-energy perturbations, but little change in J ⊥ , implying that the difference there is mostly due the density functional employed in the calculations. This is a very important topic for future study, and it is not obvious that hybrid functionals will perform more physically: with enough Hartree-Fock exchange some systems can be pushed (sometimes artificially) to become AFM [24] [25] [26] , whereas here the opposite occurs: hybrid DFT reduces the AFM exchange. More accurate but computationally demanding methods such as the random phase approximation or ladder resummations will be needed as benchmarks.
Slabs of (graphene-) BaMnO 3 . As above for bulk BMO, the slab magnetic exchange parameters were fit to a series of total energy calculations with the same (relaxed) geometry and different spin configurations. In this reduced symmetry, more configurations are needed to fit the larger number of independent J . The full Hamiltonian is given in the main text. Due to the choice of mirror-symmetric paraelectric structures, only half of the Mn layers are independent, and each contributes two exchange parameters, for a total of four in plane and three out of plane J .
With an offset energy as a final degree of freedom, a minimum of 8 configurations are necessary. In order to test the robustness of the fit, we performed 12 different calculations, and compared their energies, solving the overdetermined linear system with a singular value decomposition. The influence of high-energy spin configurations in determining the exchange parameters is more pronounced in the slab case: using the 8-10 lowest (in energy) configurations the results are fairly consistent, but adding certain strong perturbations (forcing FM alignment between entire neighboring planes of Mn) can scramble the results and flip the sign of different exchange parameters: more configurations are not always better. This type of sensitivity of the exchange J to the choice of configurations is not universal (see above for bulk BMO) but should be checked for systematically. In particular, enforcing fully FM or AFM configurations to a system with the opposite type of ground state probably yields worse results, if the aim is to reproduce low-lying excitations with the resulting Heisenberg model. All of the configurations calculated, and the resulting energies for BMO and graphene-BMO, are presented in Table IV with the energies of "pathological" configurations in bold.
BaMO 3 and graphene-BaMnO 3 slab with SOC
Calculations with SOC for several different initial spin configurations were performed with SIESTA in order to find the easy direction of magnetization. For each calculation, the atomic coordinates were kept fixed to the collinear-spin ground state, but the spin configuration was relaxed until self-consistency on the electron density matrix was achieved. We found that the AFM coupling between the layers is always present and dominant. The differences mostly concern the relative orientation of the spins in each plane. We found three most relevant (lowest-energy) spin configurations, whose total energies (with respect to the ground state) are collected in Table V below: (i) in-plane spins oriented at 120
• with respect to each other (like in bulk BaMnO 3 );
(ii) FM in plane; (iii) FM along the [0001] direction. In the BaMnO 3 and graphene-BaMnO 3 slabs there are three Mn atoms per layer, and seven Mn layers. As the slabs are symmetric, we only report the values for the layers 1 (surface) to 4 (middle). Bulk values of the magnetic moment are recovered in the middle of the slab both without (Tables VI  and VII) and with graphene (Tables VIII and IX) .
From the tabulated values we deduce that there is a large orbital momentum L 2 developing at the surface of 
